On December 9 th 2009, the International Space Station (ISS) 2A solar array mast experienced prolonged longeron shadowing during a Soyuz undocking. Analytical reconstruction of induced thermal and dynamic structural loads showed an exceedance of the mast buckling limit. Possible structural damage to the solar array mast could have occurred during this event. A Low fidelity video survey of the 2A mast showed no obvious damage of the mast longerons or battens. The decision was made to conduct an on-orbit dynamic test of the 2A array on December 18 th , 2009. The test included thruster pluming on the array while photogrammetry data was recorded. The test was similar to other Dedicated Thruster Firings (DTFs) that were performed to measure structural frequency and damping of a solar array. Results of the DTF indicated lower frequency mast modes than model predictions, thus leading to speculation of mast damage.
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2A ARRAY MODAL ANALYSIS
The 2A Solar array had experienced a sustained longeron shadow event. The analytical reconstruction of the event showed an excedence in the limit loads when combining the dynamic and thermal loads. An on-orbit dynamics test was performed and the IP mast mode was found to be 14% lower than what was expected when compared with the analytical dynamic model. In addition, the 1 st IP 2A Array test mode was lower than what was previously seen with any other array on-orbit test. The large frequency difference between the IP test and analytical mode was a concern to the program and resulted in the request of a more detailed analysis to determine the cause of the difference.
The following detailed analysis was conducted to determine why the 1 st IP Array mode was lower and if damage of the array could be detected with modal analysis.
LINEAR ANALYSIS
The ISS loads system model is made up of over 90 super elements and has 35,000 dof. Each model takes about 60 minutes of computer time for the SOL 103. When performing time domain solutions (SOL 109 or 129) the time increases dramatically. This is an unmanageable model when performing parametric runs and numerous failure analysis time domain runs. To simplify the problem, a stiffness matrix was developed using the NASTRAN DMIG option with the boundary conditions being constrained at the approximate CG of the ISS and the other boundary being the 4 grids that the Solar array BGA attaches to ISS.
In addition, the solar array model used during nominal loads analysis has a simplified mast (1 Center Bar, 10 pieces) and did not model the individual longerons. To perform parametric studies of failed longerons the detailed mast model would have to be integrated into the simplified system model. The Boeing Loads and Dynamics group performs thruster plume analysis on all station arrays. The program that performs the analysis uses plume jet mass flow and impinges on individual plates modeling the array. The output is a force on each individual grid. The program has been validated with other array displacement checks. A special routine was developed to map force values and vectors for each array blanket. These force values were mapped to every array blanket and the mast cap. The array wing displacement was plotted and compared to the on-orbit data. These comparison plots are shown in Fig.  8 . As can be seen by the displacement time history plots, the frequency of the on-orbit data and analytical data does not compare for the IP mode. This also was seen in the frequency domain. All reports indicate that the non-linearities are mechanism slippage and are in the four-bar to IEA clevis connection.
Fig. 8 Time Domain Comparison of Out of Plane and In Plane Test and Baseline Analytical Data
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Fig. 10 Ground Test 4 Bar Assembly and Ground Test Stiffness Data
The ground test documents showed that non-linearities exist in the four bar connections. As noted earlier, the four-bar connections dominate the first two modes, OOP and IP. At this point a more detailed analysis was performed on the on-orbit data using the Boeing Test Analysis Correlation Solutions (BTACS) program. The BTACS system identification tool includes a method that extracts modal parameters within a set window over a prescribed period of time within the data set. The photogrammetry displacement data was analyzed using the system identification tool of the BTACS program. The modal parameters were computed every 0.67 seconds using a window of 60 seconds of data.
The frequency values, of the extracted modes, were then plotted for each time increment where the color of the data point represented the EMAC value, red being greater than 90% and orange greater than 80%. Fig. 11 shows the results of the BTACS system identification analysis of the on-orbit data array data showing non-linearities of the 1 st OOP and 1 st IP Modes. The frequency of the OOP mode ranged from 0.06 to 0.068 Hz and IP 0.079 to 0.09 Hz over time, as the amplitude of the array displacement diminished.
Fig. 11 Photogrammetry Data Mode Frequencies vs Time
To better understand the mechanism of the four-bar clevis to truss connection, on-orbit photos were reviewed. As previously noted the ground test documents indicate that the non-linearities were most likely coming from the four-bar to truss clevis connection. Fig. 12 depicts the on-orbit photos showing the placement and close-up of the four-bar to clevis connection. A series of NASTRAN runs were performed modifying the four-bar to truss spring values. It was found that modifying the front two connections in DOF 1, 3, and 5 (see Fig. 13 ) would impact the frequency of the IP mode while having negligible effects on the frequency of the other modes. Column 4 of Table 3 contains the final spring values used for the analysis. 5500000  5500000  5000  CELAS2 DOF2  5000000  5000000  5000000  CELAS2 DOF3  300000  300000  5000  CELAS2 DOF4  450000  900000  900000  CELAS2 DOF5  650000  2280000  2280  CELAS2 DOF6 600000 6000000 6000000
Fig. 13 Modified BGA Description
After all the runs with spring reductions were complete, the final OOP and IP mode frequency values were checked against the baseline mode and the on-orbit test. Table 4 illustrates the final frequency values and the percent frequency difference from the on-orbit test. The modified spring values changed the frequency of the IP mode without affecting the frequency other modes. These results allowed for a plausible explanation of the modal discrepancies of the IP frequency difference. It must be noted that this is a linear solution and that we saw non-linear results from the on-orbit test. To account for the non-linear results seen in the on orbit photogrammetry data, GAP elements were used for the four-bar to truss clevis connection. The solution 129 was used for this analysis. Numerous runs were performed using GAP elements and the NOLIN card. The final analysis was performed using the NASTRAN GAP elements with varying axial stiffness values depending on open or closed gap. To model the on-orbit structure the stiffness was modeled to be less with an open gap. The closed gap stiffness is the same as the baseline A recap of the GAP card values are shown in table 5. No Gap 6000000 6000000
The GAP elements were used on the four-bar to truss clevis on the front locations only. The initial gap open was determined by performing nominal plume runs and plotting the relative displacement between the GRIDS with the baseline spring constant. The exact GAP opened value was determined after several runs and acceptable results were achieved.
Once the proper GAP parameters were achieved, a time domain SOL 129 was performed. When performing non-linear transient analysis, the damping value is specified with the W3 parameter and is the damping at a specified mode. The frequency used for this was a split between OOP and IP mode and was valued at 2%. The comparison time domain of the on-orbit test data and the non-linear analytical data is shown in Fig. 14 . As can be noted the comparison is much better than the baseline (Fig. 8 ) and considered to be a good analytical representation of the on-orbit structure.
Fig. 14 On-Orbit versus Analytical Non-linear Time Domain Data
In addition to the time domain of the individual OOP and IP displacement of the array, the overall relative displacement of the spring grids were plotted. Fig. 15 shows the relative displacement of the front four-bars to truss clevis. The maximum displacement is 0.0175". This displacement is a little more than double the complete tolerance stack up of the four-bar mechanism. The tolerance stack up of the four-bar clevis to truss connection is 0.0073".
Fig. 15 Relative Displacement of Front Four-bar Clevis
For a 'quick look' analysis the softened springs were used on the boundary connections of the starboard truss IEA super element and the 2A BGA super element in the full detailed ISS system model. This model has all eight arrays thus it will have eight OOP modes, eight IP modes, and eight torsional array modes. 
MAST DAMAGE SENSITIVITY STUDY
In addition to the analysis performed to investigate the array mode frequency difference, it was asked if the current ISS instrumentation would allow for mast damage to be detected. A detailed study was performed to investigate if a longeron failure could be detected with current instrumentation.
The only instrumentation on orbit to measure ISS array modes is the photogrammetry system. The photogrammetry analysis needs at least two cameras on each area being investigated. It is possible but very difficult to get four cameras dedicated for an array test. For this study it was decided to use four cameras. Fig. 16 illustrates the two areas the cameras would be pointed, one set at the tip and one set at the midpoint, spanning the most credible failure area.
Fig. 16 Array Camera Viewing Locations
A set of SOL 103, modal solution, runs were performed on the baseline array model, failed at mid model, and failed at base model. The modal parameters for each model was output and compared to the baseline model modal parameters. For each run the frequency difference and MAC was calculated. The baseline model has over 700 modes from 0-5.5 Hz. To reduce the amount of modes to investigate, only modes containing 2% or greater kinetic energy in the array mast were saved. This reduced the problem down to 60 modes. It also must be mentioned that this is a total failure of the longeron and does not assume partial fractures.
Once the major modes were selected, the MAC was calculated using the four grids as noted in Fig. 16 . Table 7 summarizes the data results for the mast failed at mid model and Table 8 summarizes the data for the mast failed at base model. Table 7 is the summary of the failed longeron at the mid point of the mast. The torsion mode has a low MAC between the baseline and damaged model but it would be difficult to detect this with the cameras available and determining if this is the results of the four-bar contribution or mast damage. The next possible mode for detecting mast damage was the 0.677 Hz mast bending mode. The failed mast does show a lower MAC value and mode frequency. The best possibility of damage detection is the additional mode in the failed case at 1.2868 Hz (highlighted in bold). When performing the MAC the best match is the baseline mode at 1.5107 Hz. This mode would be the best mode to detect a total longeron failure at mid mast and the comparison mode shape is illustrated in Fig. 17 . Some other modes exist above 4 Hz but it is difficult on orbit to physically excite modes at that high of a frequency and the reliability of photogrammetry to capture the modes at that frequency is unknown, due to the frame rate of the cameras of 15 or 30 Hz. 
